Abstract The purpose of this study was to identify key genetic pathways involved in non-small cell lung cancer (NSCLC) and understand their role in tumor progression. We performed a genome wide scanning using paired tumors and corresponding 16 mucosal biopsies from four follow-up lung cancer patients on Affymetrix 250K-NSpI array platform. We found that a single gene SH3GL2 located on human chromosome 9p22 was most frequently deleted in all the tumors and corresponding mucosal biopsies. We further validated the alteration pattern of SH3GL2 in a substantial number of primary NSCLC tumors at DNA and protein level. We also overexpressed wild-type SH3GL2 in three NSCLC cell lines to understand its role in NSCLC progression. Validation in 116 primary NSCLC -012-0955-3 tumors confirmed frequent loss of heterozygosity of SH3GL2 in overall 51 % (49/97) of the informative cases. We found significantly low (p00.0015) SH3GL2 protein expression in 71 % (43/60) primary tumors. Forced overexpression of wild-type (wt) SH3GL2 in three NSCLC cell lines resulted in a marked reduction of active epidermal growth factor receptor (EGFR) expression and an increase in EGFR internalization and degradation. Significantly decreased in vitro (p00.0015-0.030) and in vivo (p00.016) cellular growth, invasion (p00.029-0.049), and colony formation (p 00.023-0.039) were also evident in the wt-SH3GL2-transfected cells accompanied by markedly low expression of activated AKT(Ser 473 ), STAT3 (Tyr 705 ), and PI3K. Downregulation of SH3GL2 interactor USP9X and activated ß-catenin was also evident in the SH3GL2-transfected cells. Our results indicate that SH3GL2 is frequently deleted in NSCLC and regulates cellular growth and invasion by modulating EGFR function.
Introduction
Lung cancer kills more than one million people worldwide with smoking being the most important risk factor [1] . In the USA, the estimated number of lung cancer cases is 226,160 and predicted deaths of 160,340 in 2012 [2] . Approximately 85 % of these patients have non-small cell lung cancer (NSCLC) and two thirds are diagnosed at advanced stage with mean survival of 1 year receiving traditional treatment [3] . Eighty-five percent of lung cancers occur among the tobacco smokers and rest among the never-smokers [4] . Despite a significant improvement in therapeutic modalities including surgery, platinum-based chemotherapy, and radiotherapy alone or in combination, the overall 5-year survival rate is only 15 % [5] . Lung cancer has a high morbidity because of difficulty in early detection and resistance to chemotherapy and radiotherapy [1] . Moreover, affected patients remain at significant risk for the development of secondary primary tumors throughout their lifetime.
Molecular genetic studies of LC have identified several genetic and epigenetic abnormalities, including DNA sequence/copy number changes and aberrant promoter hypermethylation [1, [5] [6] [7] [8] [9] . Frequent allelic losses on chromosomes 1p, 3p, 4q, 5q, 8p, 9p, 10p, 11p, 13q, and 17p and gain on chromosomes 1q, 3q, 5p, and 8q have been reported in lung cancer [1] . In total, these alterations result in the activation of oncogenes and inactivation of tumor suppressor genes [1] . Aberrant KRAS signaling among the smokers and epidermal growth factor receptor (EGFR) signaling among the neversmokers were also discovered as the predominant alteration pathways [4] . So far, other than the above pathways, only a few common inactivated target genes have been associated with lung carcinomas such as CDKN2A (9p), TP53 (17p), STK11 (19p) , and BRF2 (8p12) [9, 10] . Accordingly, further identification of the key oncogenes and tumor suppressor genes involved in lung tumorigenesis and interacting with the KRAS and EGFR pathways is necessary. Discovery of the key target genes underlying NSCLC development and progression requires high-resolution molecular characterization followed by appropriate validation platforms [9, 11] . In this context, high-density single nucleotide polymorphism (SNP) array is a feasible means for conducting a genome wide screen to identify novel targets of inactivation [9, 11] . Further understanding of the pivotal role of the altered genes involved in the initiation and progression of NSCLC will allow us to comprehend their role in lung tumorigenesis.
In the present study, we examined tumor and corresponding mucosal biopsy specimens from four follow-up lung cancer patients using a high-resolution SNP array platform (NSpI-250K, Affymetrix). We identified that a single gene SH3GL2 on chromosome 9p22 as the most frequently deleted in all the tumors and corresponding histologically normal-appearing mucosal biopsies. These observations were further validated in a large number of primary NSCLC tumors. Forced overexpression of SH3GL2 in NSCLC cells resulted in decreased in vitro and in vivo growth and invasion with concomitant decrease in the expression level of activated EGFR and its interacting molecules PI3K, AKT, STAT3, USP9X, and beta-catenin.
Materials and methods
Tissue specimens Matched tumor and tumor-free normal lymph nodes were collected from four primary NSCLC tumors as described earlier [12] . All were squamous cell carcinomas (SCCs). In addition, five postoperative mucosal biopsies each from two patients (patients 1 and 2) and three biopsies each from the other two patients (patients 3 and 4) were also collected (total of 16 biopsies) [12] . Although all the follow-up biopsy specimens were histologically diagnosed as normal, however, in the context of multistage carcinogenesis, they will be regarded as "normal appearing." All specimens were procured following an IRBapproved protocol at Johns Hopkins University. We also procured two additional sets of matched normal and tumor tissues from 116 NSCLC cases at various stages and histologic grades from University of British Columbia (S.L., UBC, 60 cases) and Mayo Clinic (MC, 56 cases, Y.P. and J.E.Y.) as per respective IRB-approved protocols. Most of the patients were adenocarcinomas (ADCs). The available demographic information for these two cohorts of patients with alteration status of SH3GL2 and/or EGFR and KRAS was provided in Tables 1 and 2 and supplementary Tables S1, S2 (JHU), and  3 
(MC).
Cell lines and reagents All the lung cancer cell lines were purchased from American Type Culture Collection (ATCC) and cultured in ATCC-recommended medium. The cell lines were periodically checked for Mycoplasma contamination using Mycoplasma detection kit from Sigma (MP-0025). All tissue culture medium and reagents were purchased either from ATCC or Invitrogen.
Preparation of genomic DNA and SNP 250K-NSpI array analysis Genomic DNA was extracted from microdissected tumor and undissected normal-appearing tissue samples using a standard laboratory protocol [13] . We used the 250K-Nsp I array platform from the Affymetrix 500K array set for genotyping each sample (www.affymetrix.com). This array platform contains~262,000 SNPs and utilizes Nsp I restriction enzyme. Two hundred fifty nanograms of genomic DNA was digested with Nsp I and ligated to adaptors that recognize the cohesive four base pair (bp) overhangs. All fragments resulting from restriction enzyme digestion was then ligated using T4 ligase and PCR-amplified using an Applied Biosystems Thermal Cycler I (9700) to achieve a size range of 200-1,100 bp. Amplified DNA was then pooled, concentrated, and cleaned up. The amplified and cleaned product was fragmented using DNaseI (Affymetrix Inc.) and subsequently labeled, denatured, and hybridized to arrays. Hybridized arrays were scanned using the GeneChip Scanner 3000 7G (Affymetrix Inc). The genotype call was automatically detected by the Affymetrix Genotype Analysis Software. All the experimental steps were followed as per the manufacturers' specification.
Determination of loss of heterozygosity and visualization of the results The resulting data were analyzed using both dChip (www.dchip.org) and Nexus software package (http://www.snp-nexus.org) for the determination of loss of heterozygosity (LOH). Intensity (.CEL) files were normalized and modeled using the PM-MM difference modeling method [8, 9] . Array normalization and quality control were performed as per the Affymetrix protocol and requirement. A region of "LOH" was designated when there was a consecutive loss of at least 10 SNPs. Subsequently, utilizing the mapping information of the SNP tags based on the Affymetrix annotation, the specific regions of losses/gains and the genes were identified utilizing the UCSC Genome Browser (http:// genome.ucsc.edu/) as well as the NCBI data base (http:// www.ncbi.nlm.nih.gov/SNP/). All SNP data files were submitted to gene expression omnibus (GEO) (http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc0GSE29365).
Loss of heterozygosity analysis by gene-specific microsatellite markers For validation purpose, gene-specific LOH analysis (for SH3GL2, 9p22) was performed using Gene Marker version 1.91 (Soft Genetics, State College, PA). Briefly, we designed two STS markers (UniSTS: 28906 and 12760) in D9S157 based on the UniSTS database and synthesized to 6-FAM-labeled primers (Operon Biotechnology, Huntsville, AL). PCR primers used for the UniSTS 2 8 9 0 6 a n d U n i S T S 1 2 7 6 0 w e r e 5 ′ -6 -FA M CATTTCATCTGGTAGACCCA-3′ (forward) and 5′-TTTGATTGGCTGGAAGTAGA-3′ (reverse) and 5′-6-FAM AGCAAGGCAAGCCACATTTC-3′ (forward) and 5′-TGGGGATGCCCAGATAACTATATC-3′ (reverse), respectively. PCR was carried out at 95°C for 4 min, followed by 35°C cycles of 15 s at 95°C; 30 s at 59°C for UniSTS 28906 and 30 s at 61°C for UniSTS 12760; 1 min at 72°C; and a final elongation at 72°C for 7 min. The PCR products were loaded with LIZ 500 size standard (Applied Biosystems) onto ABI PRISM 3730XL DNA Analyzer (Applied Biosystems) for capillary electrophoresis. LOH was determined as a more than 25 % change in the ratio of allele peak size compared to the paired normal lung and tumor tissue at both marker loci. Analysis of EGFR and KRAS gene mutation in NSCLC samples was described earlier [14] .
FISH analysis For analysis of gene-specific copy number loss, dual color fluorescence in situ hybridization (FISH) was performed on tissue microarrays containing 25 cases of lung adenocarcinoma, corresponding lung tissue adjacent to adenocarcinoma, and normal lung parenchyma. Bacterial artificial chromosome-derived test probe targeting SH3GL2 (9p22, contig of RP11-98 M23) (BACPAC Resources Immunohistochemistry Immunohistochemistry (IHC) was performed using specific antibody in paired lung cancer specimens at their different stages as described earlier [15] . Each experiment was repeated at least two times. For counting of the positively stained cells or intensity measurement, Metamorph software (Universal Imaging, Downington, PA) was used. At least 10 fields were chosen at random for counting and data were expressed as mean±SE. For intensity measurement, lowest value (≤50.00) was represented by a single + sign and each fold increase was represented by additional + sign [15] . We have procured SH3GL2 antibody for IHC analysis from Abnova Corporation (#H00006456-MO1).
Construction and cloning of wild-type SH3GL2 The wildtype (wt) SH3GL2 sequence (gene ID: 6456) was subcloned into SalI and NotI sites of the phosphorylated cytomegalovirus pCMV/myc/cyto plasmid. The resultant plasmids were resequenced using the ABI Big Dye cycle sequencing kit (Applied Biosystems) for verification of the insert sequences. In transfections, H1299, H1437, and H1944 NSCLC cells were transfected with wt-SH3GL2 plasmids in the presence of the FuGene 6 transfection regent. An empty vector was used as control. Transfected cells were maintained in 300 μg/ml of G418. The expression of exogenous SH3GL2 was confirmed by western blot analysis using cmyc antibody in the stable clones. Three different clones were examined for all the subsequent experiments.
BrdU cell proliferation assay The proliferation capabilities of the transfected cells were determined by BrdU incorporation assay kit (Roche Diagnostics) as per the manufacturer's protocol. Briefly, the cells were incubated at 37°C, 5 % CO 2 for about 15-60 min in BrdU-labeling medium followed by fixation in ethanol fixative for 20 min at −20°C. The cells were then treated with anti-BrdU reagent for 30 min at 37°C followed by incubation for 30 min at 37°C with antimouse-Ig-AP solution. Color substrate solution (NBT+BCIP) was then added to the cells. After 15-30 min of incubation at room temperature, the cells were analyzed directly under a light microscope. At least 10 fields were randomly selected for counting the positive cells. Data are represented as mean±SE of duplicate experiments.
Soft agar colony formation assay In vitro colony-forming ability of the cells was examined by soft agar assay as described [16] . Briefly, for base agar, an equal volume of medium and 1 % agarose was mixed and layered in 2-ml volume in well of a six-well tissue culture plate. For the top layer, an equal volume of medium and 0.5 % agarose was mixed and layered on the base agar as above containing 1× 10 4 cells. The cells were cultured for 14 days until colonies are visible, stained with 0.5 % crystal violet, and photographed. The numbers of colonies bigger than 2 mm were counted in each well of triplicate wells per group. Data were represented as mean±SE of duplicate experiments.
Cell invasion assay Cell invasion capacity was assessed using the Cell Invasion Assay Kit (BD Biosciences) [16] . The assay was performed in triplicate. At least 10 fields were randomly selected for counting cells that invaded Treatment of the transfected cells with epidermal growth factor Stably transfected cells with wt-SH3GL2 or empty vector were serum starved for 12 h and treated with 100 ng/ ml of epidermal growth factor (EGF) for 30 min in a tissue culture incubator [17] followed by immunofluorescence analysis using anti-EGFR antibody as described below.
Immunofluorescence EGF-treated cells were fixed in 4 % para-formaldehyde and stained with anti-EGFR primary antibody overnight at 4°C followed by staining with FITC-labeled secondary antibody for 30 min [18] . Cells were then washed with PBS and examined under a fluorescent microscope for examining the distribution pattern of EGFR molecules. Each experiment was repeated two times.
Western blot analysis Preparation of whole cell lysates and western blot analysis was performed following standard protocol as described earlier [18] . Antibodies were purchased from Cell Signaling or Abnova Corporation.
Animal model and tumor growth analysis For tumor growth, 1× 10 6 cells in 100 μl mixture of PBS and basement membrane extract (R&D systems) were injected subcutaneously at the left flank of athymic, 4-to 6-week-old female nude (CD-NUBR) mice (Charles River) as described earlier [16] . All experiments were performed in accordance with the Animal Care and Use Committee guidelines at the Johns Hopkins University. Each group was consisted of six mice and each experiment was repeated two times. Tumor growth was monitored every day, and mice showing signs of morbidity were immediately sacrificed according to guidelines. After 4 weeks, mice were sacrificed and gross tumor weight was taken. Data were represented as mean±SE of duplicate experiments.
Co-immunoprecipitation The co-immunoprecipitation analysis was performed using Dynabead Protein G kit (#100.07D) and DynaMag-2 system (#123.21D) and following protocols from Invitrogen Corporation. Antibodies for SH3GL2 and USP9X were purchased from Abnova Corporation. Appropriate IgG control antibody was used in each case.
Statistical analysis Chi-square test, Fisher's exact test, or Student's t test was used as appropriate. All p values will be two-sided and all confidence intervals were at the 95 % level. Computation for all the analysis was performed using the Statistical Analysis System.
Results
Identification of frequent loss of SH3GL2 in the primary lung tumors and corresponding normal-appearing mucosa by SNP array In this pilot study, we first examined primary tumors and 16 corresponding normal-appearing mucosal biopsies from four lung cancer patients on the Affymetrix 250K-Nsp I array platform. In each case, corresponding tumor-free normal lymph nodes were used as controls. Primarily, we focused on identifying the most frequently deleted genes that were simultaneously altered in the primary tumors and the normal-appearing biopsies. We found that a single gene SH3GL2 located on human chromosome 9p22 was most frequently deleted in the all the four tumors and corresponding normal-appearing biopsies.
Validation of SH3GL2 deletion status in primary NSCLC tumors We further validated the deletion status of SH3GL2 in an additional set of 116 primary NSCLC tumors. We examined LOH at SH3GL2 locus (D9S157) utilizing two intragenic microsatellite markers (Fig. 1a) . Allelic loss at both the marker loci was only considered for determining LOH. Of the 116 cases analyzed, first cohort comprised 60 primary tumors from JHU (Table 1) . Among these, 30 were never-smoker with predominant EGFR gene mutation (Table 1  and Table S1 ) as reported earlier [14] . In this group, four cases were non-informative and the LOH of SH3GL2 was detected among 62 % (16/26) of the informative cases (Table 1 and  Table S1 ). No association between SH3GL2 loss with stage (p00.17), age (p00.85), or gender (p01.00) was found. However, SH3GL2 loss was significantly higher (p00.03) among the never-smoker Asian compared to the Caucasian patient population (Table S1 ). The other 30 cases were current smokers with predominant KRAS gene mutation (Table 1 and Table  S2 ). In this group, five cases were non-informative and LOH of SH3GL2 was detected among 52 % (13/25) of the informative cases (Table 1 and Table S2 ). No significant association between SH3GL2 loss with stage (p00.57), age, (p0 0.45), gender (p00.54), and ethnicity (p01.00) was found in this group. No association was also found between SH3GL2 loss and smoking habit (p00.58).
SH3GL2 status in primary lung tumors with EGFR and KRAS gene mutation As shown in Table 1 (bold italics), loss of SH3GL2 was higher in the primary tumors carrying EGFR gene mutation compared to the tumors carrying KRAS gene mutation (43 vs. 24 %). However, it did not reach a statistically significant level (p00.24).
The remaining 56 primary NSCLC tumors were from Mayo Clinic. All the tumors were histologically ADCs and never-smokers. Of the 56 cases, 10 were non-informative and the LOH of SH3GL2 was detected among 44 % (20/46) of the informative cases (Table 2 and Table S3 ). We did not observe any significant correlation between SH3GL2 loss and stage (p00.62), age (p00.24), gender (p00.64), or follow-up status (p01.00). The status of EGFR/KRAS gene mutation in these samples was not available. Representative example of LOH in JHU and MC samples was shown in Fig. 1a .
Copy number loss and promoter methylation analysis of SH3GL2 in primary NSCLC tumors We performed FISH analysis on 25, paired NSCLC tumors (tissue microarray) to identify copy number loss at SH3GL2 locus on 9p22. All samples were ADC and we observed similar rate of copy number loss among 56 % (14/25) cases analyzed (Fig. 1b) . We further examined 12 primary NSCLC tumors based on DNA availability from the never-smoker group for promoter hypermethylation at the SH3GL2 locus using methylationspecific primers (MePh 12267-2A, SA Bioscience). Seven of these 12 cases had LOH at SH3GL2 locus, 3 were noninformative, and 2 had no LOH (Table S2 , cases 07L6- Fig. 1 LOH, copy number loss, and hypermethylation of SH3GL2 in primary NSCLC tumors. a Two sets of primers (UniSTS 12760 and 28906) from the intragenic D9S157 locus of the SH3GL2 gene were examined. LOH occurs when allelic loss was observed at both marker loci (indicated by arrows) in the tumor (T) compared to the corresponding normal (N). b FISH analysis revealed loss of SH3GL2 copy (orange red, arrows) on 9p22 compared to control 9p centromeric probe CEP9 (green). c No significant changes were observed in the methylation pattern of SH3GL2 in the 12 primary NSCLC tumors analyzed compared to corresponding control tissues 07L38). We did not find significant DNA methylation of the SH3GL2 promoter in these tumors (Fig. 1c) .
Expression of SH3GL2 protein in primary NSCLC tumors
Since we have observed a high frequency of allelic loss at SH3GL2 locus in the primary NSCLC tumors, we further analyzed primary tumors and adjacent normal from 60 NSCLC cases with both squamous cell carcinoma (15 cases of SCC) and adenocarcinoma histology (45 cases of ADC) for determining the expression of SH3GL2 at the protein level by IHC. For IHC analysis, all tissue samples were run in duplicates using appropriate isotype controls and scored by two independent investigators. Expression of SH3GL2 was detectable mostly in the cytoplasm and was significantly lower (+++ vs. +; p00.0015) in 71 % cases (43/60; Fig. 2a) . Of the 60 cases, 15 were SCCs and 73 % (11/15) had significantly low expression of SH3GL2. The rest of the 45 cases were ADCs and 71 % (32/45) had significantly low expression of SH3GL2 compared to the corresponding normal. Thus, a marked loss of SH3GL2 protein expression was evident in the primary NSCLC tumors. We did not find any significant correlation between SH3GL2 protein expression and clinical stage, histological grade, age, and gender in these primary tumors (data not shown).
SH3GL2 induces EGFR internalization in the NSCLC cells
In the next step, we examined the impact of forced overexpression of wt-SH3GL2 on EGFR internalization in lung Fig. 2 Pattern of SH3GL2 protein expression in paired primary NSCLC tissues. a Tissue sections were stained with a monoclonal anti-human SH3GL2 antibody. The expression of SH3GL2 was significantly lower (+++ vs. +; p00.0015) in the tumors compared to the corresponding normal. Representative photomicrograph of two independent experiments is shown. Cases 1-3 were adenocarcinomas, and case 4 was squamous cell carcinoma. Magnification ×200. b Effect of EGF on EGFR internalization in the transfected cells. EGFR internalization markedly increased in the wt-SH3GL2-transfected groups as indicated (lower panel, white arrow) compared to the control vector-transfected groups (upper panel, yellow arrow). Representative photomicrograph of two independent experiments is shown. Magnification ×400. c Transfected cells were serum starved and treated with EGF for 6 h followed by western blot analysis. Markedly decreased expression of EGFR was observed in SH3GL2-transfected cell line as indicated cancer cells. We treated the stably transfected and serumstarved cells with EGF followed by staining with EGFR antibody. As shown in Fig. 2b , EGFR internalization was markedly increased in the wt-SH3GL2-transfected cells (white arrows) compared to the control vector (yellow arrows). Thus, forced overexpression of wt-SH3GL2 resulted in increased internalization of EGFR in the lung cancer cells. To further elucidate whether the internalization was followed by degradation of EGFR or not, we treated the stably transfected cells with EGF for 6 h followed by western blot analysis. As shown in Fig. 2c , we have observed markedly low EGFR expression in the SH3GL2-transfected cells.
SH3GL2 modulates EGFR expression in the NSCLC cells
The SH3GL2 is a gene involved in controlling clathrin-mediated receptor endocytosis including EGFR in association with its constitutive binding partner CIN85 and Cb1 [19] . Therefore, to understand the impact of SH3GL2 alteration on EGFR expression, we overexpressed the wildtype version of the SH3GL2 (wt-SH3GL2) construct in three NSCLC cell lines, which initially harbored low expression of SH3GL2 (Fig. 3a, left panel 1) . The exogenously expressed SH3GL2 fusion protein was tagged and detectable by the myc antibody in the transfected cells (Fig. 3a, left  panel 2 ). We performed western blot analysis to determine the active EGFR status in the SH3GL2-transfected cells. As shown in Fig. 3a (right panel) , we observed marked reduction of active EGFR (Tyr 845 ) expression (panel 2) in all the three SH3GL2-transfected cell lines compared to the controls. We also observed a concomitant increase in the expression of Tyr 1045 phosphorylation of EGFR in the SH3GL2-transfected cells, which triggers EGFR degradation through the ubiquitin pathway by c-cbl [20] . Thus, forced overexpression of wt-SH3GL2 resulted in decreased expression of activated EGFR in the NSCLC cells.
SH3GL2 reduces NSCLC cell growth via modulation of downstream effectors
Since EGFR is a key molecule regulating cellular growth through continuous growth-promoting signaling in NSCLC [4] , we examined proliferation, anchorage-independent growth, and invasion capabilities of the SH3GL2-transfected cells. We observed a significant decrease in the number of proliferating cells in the wt-SH3GL2-transfected groups (p00.0015-0.030) compared to the control vector groups (Fig. 3b) . Representative example was shown in the left panel. We also observed a significant decrease in the number of invading cells in the wt- SH3GL2-transfected groups (p00.029-0.049) compared to the control groups (Fig. 4a) . The number of soft agar colonies was also significantly decreased in the wt-SH3GL2-transfected group (p00.023-0.039) compared to the control groups (Fig. 4b) . Representative photomicrographs for invasion and colony formation were shown in Fig. S1a . In the in vivo setting, growth of SH3GL2-transfected H1299 cells was also significantly reduced (p00.016) compared to the control vector-transfected group (79±18 vs. 273±54 mg; Fig. S1b) .
One earlier study has shown that SH3GL2 with its partner CIN85 and Cb1 mediates receptor endocytosis, and in this cascade, CIN85 remains constitutively bound to SH3GL2, whereas the binding of CIN85 to c-cb1 depends on stimulation by the ligands [19] . To examine the expression status of CIN85 and c-Cbl in the transfected cells, we performed western blot analysis using specific antibodies. We did not detect any marked change in the expression of wild-type CIN85 and c-cbl in the transfected cells (Fig. 5a ). Since we observed a marked decrease in active EGFR expression (Y845) and corresponding reduction in cell growth and invasion (Figs. 3 and 4) , we examined the expression pattern of some of the key EGFR pathway molecules PI3K, AKT, and STAT3 in the transfected cells by western blot analysis. As shown in Fig. 5b , we observed a considerable reduction of PIK3 and phosphorylated AKT (Ser 473 ) and STAT3 (Tyr 705 ) expression level in the wt-SH3GL2-transfected groups compared to the empty vector-treated groups. Thus, overexpression of wt-SH3GL2 resulted in a considerable decrease in the expression level of some activated downstream EGFR signaling-associated molecules in the NSCLC cell lines.
In recent studies, USP9X (ubiquitin-specific peptidase 9), a mammalian orthologue of Drosophila melanogaster FAM was found to be involved in enhancing survival of cancer cells through deubiquitination and stabilization of growth regulatory molecules including TGF-beta receptors, MCL-1 [21] . USP9X also stabilizes ß-catenin (CTNNB1) expression [21] and predicted to interact with SH3GL2 (http:// www.sigmaaldrich.com/life-science/your-favorite-genesearch.html). To examine the expression pattern of both USP9X and ß-catenin in the SH3GL2-transfected lung cancer cells, we performed western blot analysis using antibodies specific to USP9X and ß-catenin. As shown in Fig. 5c , we observed a marked decrease in the expression level of both USP9X and phosphorylated ß-catenin (S675) in the SH3GL2-transfected NSCLC cell lines. Thus, forced overexpression of SH3GL2 also resulted in decreased expression level of USP9X and activated ß-catenin in the NSCLC cells. Since overexpression of SH3GL2 resulted in marked decrease in USP9X expression and their interaction was predicted as mentioned above, we performed coimmunoprecipitation analysis. Using total lysates from SH3GL2-transfected H1437 and H1944 cells, anti-SH3GL2 antibody effectively immunoprecipitates both SH3GL2 and USP9X (Fig. 5d) .
Discussion
Lung cancer is a lethal disease with disappointing morbidity and development of new methods for early detection, monitoring, and therapeutic intervention are high priorities. Understanding the underlying molecular genetic changes Fig. 4 In vitro invasion potential and anchorage-independent growth capabilities of the transfected cells. a Compared to the empty vectortransfected groups, the number of invaded cells significantly decreased (p00.029-0.049, indicated by asterisk) in the wt-SH3GL2-transfected group. b Number of soft agar colonies was significantly decreased (p0 0.023-0.039, indicated by asterisk) in the wt-SH3GL2-transfected group involved in lung tumorigenesis is fundamental for developing improved diagnostic and treatment strategies. We performed a high-resolution genome wide scanning (Affymetrix 250K-NSpI array) of a small number of lung cancer patients. This array system has been shown to be a useful method for novel gene discovery in lung cancer [8] . We also procured multiple follow-up mucosal biopsies from these patients and scrutinized them in parallel. These biopsy specimens appeared abnormal under auto-fluorescence bronchoscopy but were histologically normal appearing [12] . In each case, tumor-free matched normal lymph nodes were used as control and all data were normalized as per Affymetrix guidelines and validated using standard data interpretation criteria to avoid false-positive results [8] . Strikingly, one gene SH3GL2 that mapped to human chromosome 9p22 was found to be most frequently deleted in the tumors and corresponding all the histologically normalappearing mucosal biopsies of the four patients. SH3GL2, also known as endophilin A1, is highly expressed in the brain and has an N-terminal BAR domain, a variable middle region, and a C-terminal SH3 domain [22] . It plays an important role in clathrin-dependent synaptic vesicle endocytosis. On the other hand, SH3GL2 also plays an important role in receptor tyrosine kinase (RTK) trafficking and signaling including EGFR [22] . Other than the RTKs, SH3GL2 was also implicated in the trafficking of other types of receptors including the beta-1 adrenergic receptor and the vesicular glutamate transporter [22] . Based on the frequent loss of SH3GL2 in various cancers, its emerging role in tumorigenesis has also been implicated [22] .
In our pilot screening study, frequent deletion of SH3GL2 was observed in small subsets of patients with SCC histology [12] . These heavy smoker patients developed abnormal mucosal patches in the airway, which exhibited a number of clonal mitochondrial DNA mutations [12] . To identify nuclear genomic changes in these patients, we performed the genome wide scanning and identified frequent and clonal loss of SH3GL2 in the tumors and the corresponding normal-appearing mucosal biopsies. Remarkably, consistent SH3GL2 loss was evident in both SCC and ADC subtypes as documented in the GEO database (GSE #10245), indicating that SH3GL2 loss is not limited to specific subtype or among smokers. On the other hand, since ADC is the more frequently occurring subtype with both smoking and non-smoking history and showed SH3GL2 loss (GEO; GSE #10245), we examined a considerable number of primary NSCLC tumors with ADC histology. A cohort of never-smoker and smoker was chosen to determine any correlation with smoking. In some tested cases, LOH event appears to be accompanied with copy number loss as revealed by FISH analysis. Thus, copy number loss accompanied with frequent LOH at SH3GL2 locus appeared to be the major mechanism for inactivation of one allele in these samples. However, we did not detect any homozygous deletion of SH3GL2 in these cases. To our knowledge, this is the first report of frequent LOH and loss of protein expression of SH3GL2 in primary tumors of NSCLC patients. In our preliminary analysis, SH3GL2 loss was present and detectable in both the tumor and the corresponding histologically normal-appearing mucosa, thereby suggesting SH3GL2 as a potential tumor suppressor as proposed earlier [22] . The same tumors and corresponding normal-appearing mucosa also shared a number of mitochondrial DNA mutations [12] . Thus, the bronchoscopically abnormal but histologically normal-appearing mucosa harbored multiple nuclear and mitochondrial genetic changes, which may provide necessary drive for tumorigenic progression along with other acquired changes.
Recently, SH3GL2 loss was found to be associated with poor prognosis of the disease in a recent comprehensive analysis of 307 hepatocellular carcinoma patients [23] . Furthermore, LOH at SH3GL2 or loss of the locus containing SH3GL2 has been reported in breast, head and neck, and ovarian cancer [24] [25] [26] . Thus, it appears that SH3GL2 is a frequent target in different human cancers. Other than deletion analysis, we also performed promoter hypermethylation analysis of the SH3GL2 gene hypothesizing that methylation could be the mechanism for inactivation of the second allele of this gene. However, we did not find significantly higher methylation of SH3GL2 promoter in the 12 primary tumors analyzed. Notably, majority of these tumors harbored LOH of one allele. Since loss of gene expression by IHC analysis suggests complete inactivation of the SH3GL2 gene, mutation of the second copy of the SH3GL2 gene is possible, or other potential epigenetic mechanism(s) including micro-RNAs could be discovered.
In the present study, LOH and IHC analysis was performed in two different sets of specimens due to the lack of samples from the same cohort. However, we observed a similar frequency of SH3GL2 loss at both genomic and protein level, thereby indicating that SH3GL2 loss is a common event in these primary tumors.
In the first cohort of 60 cases, SH3GL2 loss was significantly higher among the never-smoker Asian patient population. Majority of these patients also harbored concomitant EGFR gene mutation. Overall, the never-smokers with EGFR gene mutation had a markedly higher (43 vs. 24 %) simultaneous SH3GL2 loss compared to the current smokers with KRAS gene mutation. However, it did not reflect any statistical significance likely due to a small sample size. Notably a subset of tumors, bearing simultaneous SH3GL2/ EGFR gene alteration(s) may have a selective growth advance for further progression. Identification of these changes in a substantial number of cases at various stages could be very useful for developing detection and monitoring strategies, which is our long-term goal. In the other cohort of 56 cases from Mayo Clinic, the patients with frequent loss of SH3GL2 were also never-smokers. However, we could not perform EGFR/KRAS mutation analysis in this cohort due to the lack of DNA samples, which is one of the drawbacks of this study.
In an earlier study conducted in HEK 293T and CHO cells, SH3GL2 with its binding partner CIN85 was shown to be involved in a ligand inducible interaction with EGFR, suggesting a role in controlling receptor endocytosis and receptor-mediated signaling [19] . It was further demonstrated in these cells that SH3GL2 with its constitutive binding partner CIN85 interacts with Cb1 and regulates EGFR internalization through ligand-specific stimulation [19] . By forced overexpression of SH3GL2 in three NSCLC cell lines, which minimally expressed endogenous SH3GL2 protein, we did not see any considerable changes in the level of expression of the wild-type CIN85 or cbl, the constitutive binding partner of SH3GL2 in the transfected cells. However, forced overexpression of SH3GL2 in these NSCLC cell lines significantly reduced active EGFR expression and possibly triggered its degradation via ubiquitin pathway as evident by increased phosphorylation of EGFR at Tyr 1045 residue that creates a major docking site for c-Cbl that leads to EGFR ubiquitination and degradation following its activation [19, 20] . Notably, the complex responsible for EGFR degradation is composed of c-Cbl:SH3GL2:CIN85 [19] . Upon binding to EGF, EGFR is autophosphorylated and recruits the E3 ubiquitin ligase Cbl, which ubiquitylates EGFR and triggers its endocytosis (22) . Besides serving as an ubiquitin ligase, Cbl also recruits SH3GL2 via the adapter protein CIN85, thereby allowing SH3GL2 to promote clathrin-mediated endocytosis of EGFR (19, 22) . It is wellknown that in never-smoker lung cancer patients, EGFR signaling pathway is specifically upregulated and transduces growth-promoting signal through the predominant STAT3 and AKT signaling pathways (4) . In this context, loss of SH3GL2 could be beneficial for tumor progression through sustained EGFR signaling (wild type or mutant). Notably, we have seen simultaneous SH3GL2 loss and EGFR gene mutation in a subset of never-smoker lung cancer patients.
The canonical or non-canonical ß-catenin transactivation pathways play a major role in tumorigenesis keeping the interactor EGFR in the signaling loop as evident in numerous studies [27] . Some studies also demonstrated EGFR-PI3K-AKT-mediated transactivation of CTNNB1 pathway in prostate cancer [27] . Moreover, recent studies have shown that USP9X, a deubiquitinase can stabilize ß-catenin thereby inducing WNT signaling pathway [28] . Since SH3GL2 was predicted to interact with USP9X and we have observed downregulation of PI3K and activated EGFR and AKT expression in the SH3GL2-transfected cells, we examined the status of USP9X and CTNNB1 in the SH3GL2-transfected cells. It is evident from our results that SH3GL2 downregulated the expression of both USP9X and activated CTNNB1 along with the concomitant low expression of activated EGFR and its downstream signaling molecules PI3K, activated AKT and STAT3. Moreover, a reciprocal interaction between SH3GL2 and USP9X was evident from the co-immunoprecipitation study indicating for a cross-talk between SH3GL2:USP9X in mediating tumor growth inhibition. Further studies are warranted to investigate the functional link between SH3GL2 and USP9X in lung tumorigenesis. Thus, it appears that these cascades of events blocking the EGFR signaling and associated CTNNB1-mediated transactivation pathway resulted in decreased tumor growth and invasion. Moreover, EGFR internalization and degradation markedly increased in the SH3GL2-overexpressing cells following EGF stimulation thereby restricting EGFR-mediated continuous signaling. As a result, our observed decreased tumor growth and invasion of the SH3GL2-overexpressing lung cancer cells were consistent with a perturbed EGFR signaling pathway. To our knowledge, this is also the first study to demonstrate a link between SH3GL2 and EGFR signaling pathway in NSCLC. Thus, loss of SH3GL2 from the CIN85-SH3GL2-Cbl complex that regulates EGFR endocytosis and signaling might allow the tumor cells to continuously receive growth-promoting signals through EGFR signaling (Fig. 6a) . On the other hand, via the available wild-type SH3GL2, the normal functioning of the CIN85-SH3GL2-Cbl complex can be restored which in turn may inhibit EGFR signaling (Fig. 6b) .
In summary, we demonstrated in this study the frequent loss of SH3GL2 at both the DNA and protein level in Fig. 6 Schematic outline of the regulation of EGFR internalization and mediated signaling by the CIN85-SH3GL2-CbI complex. a Deletion or inactivation of SH3GL2 (indicated by X) from this complex will allow tumor progression via continuous signaling through the EGFR pathway upon ligand (EGF) stimulation as depicted. b Presence of wild-type SH3GL2 and the appropriately assembled CIN85-SH3GL2-CbI complex on the other hand will trigger EGFR internalization and subsequent degradation thereby resulting in decreased tumor growth via downregulation of the EGFR signaling pathway primary NSCLC tumors and the impact of its forced expression on tumor growth, invasion, and active EGFR expression. Genomic loss of SH3GL2 and its expression appears to be an important and common inactivation event in lung cancer progression. Because its frequency of loss rivals that of any other discovered tumor suppressor gene, further work into its mechanism of action through EGFR signaling and other pathways is warranted.
